Abstract: Bioactive glasses (BG) are known for their ability to induce bone formation by the action of their dissolution products. Glasses can deliver active ions at a sustained rate, determined by their composition and surface area. Nanoporous sol-gel derived BGs can biodegrade rapidly, which can lead to a detrimental burst release of ions and a pH rise. The addition of phosphate into the glass can buffer the pH during dissolution. Here, dissolution of BG with composition 60 mol% SiO 2 , 28 mol% CaO and 12 mol% P 2 O 5 at 600 µg/ml were investigated. Initially, the dissolution and apatite formation of the BG particulates were examined in simulated body fluid using FTIR and XRD. BG particulates were indirectly exposed to dental pulp stem cells, and the effect of 14 days continuous ion release on human dental pulp stem cells (hDPSC) viability and differentiation was evaluated. Alamar blue assay showed that cell proliferation was not inhibited by the continuous release of Ca, P and soluble silica. In fact, hDPSC in the presence of BG particulate displayed a higher density of mineralized nodules than untreated cells, as assessed by Alizarin red. The results will have a great contribution to the in vivo application of this particular BG.
Introduction
It is now almost fifty years since the discovery of 45S5 Bioglass (composition of 46.1% SiO 2 , 26.9% CaO, 24.4% Na 2 O and 2.6% P 2 O 5 ) by Hench and co-workers [1] , which has had clinical success as a particulate in bone regeneration [2, 3] . Bioactive glasses (BGs) show osteoinductive and osteoconductive behavior and the ability to bond to soft and hard tissue due to a carbonated hydroxyapatite layer (HCA) when exposed to biological fluid [4] [5] [6] [7] [8] [9] .
It is now well accepted that in vivo bone regeneration by BGs is stimulated through direct contact between substrate and cells as well as the great contribution of soluble ions released by these materials during their degradation [10] [11] [12] [13] [14] . The release of soluble ionic species by network dissolution of BG has shown to positively stimulate cellular behavior towards repair and regeneration of damaged tissue [15, 16] . Often BGs prepared by sol-gel method show a burst release of ions in the first few hours of exposure to body fluid that would subsequently result in an increased local pH [17, 18] . This increase would have profound effect on both cell and tissue behavior [19] . The in vivo environment has fluid flow, which can disperse the ions, but during static in vitro cell culture, high pH can damage cells. For this reason BG of various compositions prepared by sol-gel method are often preconditioned prior to cell culture [20] . Recent studies showed that increasing the phosphate content in the sol-gel glass led to formation of a phosphate glass network, which co-exists with the silicate network [21] . Dissolution studies in simulated body fluid (SBF) showed the pH remained neutral but phosphate (apatite) deposition still occurred within 24 h. Therefore, it is hypothesized that the incorporation of phosphate into glass network not only would be an important attributing factor in stabilizing the local pH but also avoids the need for a preconditioning step.
The ease of isolation and expansion of dental pulp stem cells (DPSCs) from dental pulp DPSCs has made them an attractive cell source for a range of tissue engineering applications. DPSCs have a great differentiation capability into a range of cell types including chondroblastic, neuronal, endothelial odontoblast and osteoblast [22] [23] [24] . DPSCs are well recognized and extensively characterized, representing osteoblastic potential both in vitro and in vivo, making them an ideal cell source for bone tissue engineering applications [25] [26] [27] .
In our previous study, the effect of BG dissolution products (60 mol% SiO 2 , 28 mol% CaO and 12 mol% P 2 O 5 ) on osteogenic differentiation of dental pulp stem cells, was evaluated [20] . BG dissolution products affected differentiation of DPSCs according to higher mRNA expression levels for: alkaline phosphatase at day 7; osteopontin and osteonectin at days 7 and 14; and a high level of collagen I at day 14, compared to negative control group (basal medium). Here, rather than the dissolution products, the DPSC cells were cultured indirectly with the BG particulate, without preconditioning, using a transwell approach. This approach will enable a better prediction of BG behavior if applied in vivo.
Materials and methods

Powder synthesis
Bioactive glass powders of 60 mol% SiO 2 , 12 mol% P 2 O 5 and 28 mol% CaO composition were prepared through solgel processing route as previously described by Ting et al. [21] . All reagents were purchased from Sigma-Aldrich (Dorset, UK). The compositions of the glass samples were based on 58S composition (60 mol% SiO 2 , 36 mol% CaO and 4 mol% P 2 O 5 ), which was made by hydrolysis of tetraethyl orthosilicate (TEOS) [28] , with an increased phosphate (reduced calcium) content.
Bioactivity behavior of BG particulate
BG particulates were immersed in simulated [29] body fluid (SBF) in a shaking manner at a concentration of 600 µg/ml, based on our previous study [20] at time points of 0, 1, 3, 5 and 7 days. At the end of each time point the medium was removed and replaced with ethanol to terminate any further surface reactions followed by drying for analysis.
ICP
At the end of each time point extracts of BGs were filtered and analyzed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Thermo Scientific Icap 6000 series) to obtain the elemental concentrations of Si, Ca and P present in the supernatant.
XRD
To further confirm hydroxycarbonated apatite (HCA) formation, X-ray diffractometer (X'pert Philips) with the filtered CuKα radiation (λ = 0.154 nm) in the 2Θ range of 20-70 ∘ were utilized (step size = 0.05 ∘ , count time = 1s) was applied.
Isolation and cell culture of hDPSC
Intact human impacted third molars with immature roots were collected from healthy patients (donors aged 28 years) in the Dental Clinics at Isfahan Hospital, under the approved guidelines and protocol [30] . All experiments were conducted after patients had signed informed consent forms. The isolation procedure was applied as previously described [20] . Briefly, the pulp was separated from the crowns and roots, minced into small pieces, and digested in 3mg/mL collagenase type I (Sigma-Aldrich) and the cell suspensions were then collected.
Powder exposure to hDPSCs
hDPSCs were seeded in a 24 well-plate at a seeding density of 5000 cells/cm 2 and incubated for 24 h to allow cell attachment. The cell medium was supplemented with 5% fetal bovine serum, 1% L-glutamine, 1% penicillinstreptomycin, and 1% non-essential amino acid. Bioactive glass (10-30 µm in size) powders were tested at two different concentrations of 600 and 1200 µg/ml. Following UV sterilization, the powder at a given concentration were transferred into a cell culture plate insert (Millicell Hydrophilic PTFE, pore size of 0.4 µm) and hence indirectly exposed to hDPSC cells seeded at a density of 5000 cells/cm 2 , as demonstrated in Figure 1 . 
Cell viability
The Alamar blue cytotoxicity/proliferation assay (Invitrogen, UK) was performed according to the manufacturer's protocol to determine whether the BG were cytotoxic at the given concentration in the forementioned exposure procedure. Briefly, hDPSCs were seeded in a 24 well-plate at a seeding density of 5000 cells/cm 2 and incubated for 24 h to allow cell attachment. At the end of each time point, medium was removed and 500 µl of Alamar blue solution (1:10 culture medium: Alamar blue reagent) was added to each well and incubated for 2 h. Optical density was measured at 570 nm using the microplate spectrophotometer multi-well plate reader (Bio-Rad, USA). The results represent the mean values ± SD of two individual experiments each in quadruplicate.
Matrix mineralization
Alizarin red staining was applied to determine the presence of extracellular matrix mineralization after 21 days. The hDPCs were seeded at 5,000 cells/cm 2 in a 24-well plate and cultured in the presence of BM and BG up to 21 days and the medium was changed every three days. At the end of 21 days of culture, cells were washed with PBS and fixed with methanol for 10 min at room temperature. 500 µl of the prepared alizarin red solution (dissolve 2 g of alizarin red in 100 ml distilled water, pH adjustment to 4.1-4.3 with 0.1% NH 4 OH) was added to each well for 20 min. The dye was then drained and the cells were washed extensively with distilled water and viewed under a light microscope (Olympus CKX41SF, Philippines). Alizarin red quantification was also applied in conjunction with staining such that alizarin red was dissolved in a solution of 20% methanol and 10% acetic acid in water for 15 min. Liquid was then transferred to cuvettes and read on a spectrophotometer at a wavelength of 450 nm.
Statistical analysis
The data are expressed as the mean values and standard deviation (SD) of two individual experiments each performed in triplicate. Differences between groups were determined by student's t test with values of p<0.05 considered significant.
Results
Bioactivity of bioactive glass particulate
During immersion of the particles in SBF. The pH of the solution containing BG particulate increased from 7.4 to 7.9 in 24 h, due to exchange of cations from the glass with H+ from the media ( Table 1 ). The pH of the control SBF was stable at around 7.45 throughout. After 24 h, the pH dropped, reaching 7.48 after 72 h. (Figure 2 ) clearly showed peaks of HA at 7, 14 and 21 days in medium. With time, the intensity of the peaks increased and a second peak appeared after 14 days which had an increased intensity at 21 days. This may be due to ion-exchange and/or ion-insertion in the crystal structure and hence apatite formation [9, 31] .
Cell viability and growth
Cell viability and metabolic activity of hDPSC were determined using Alamar blue assay (Figure 3 ). Cells were cultured in the presence of BGs at 600 µg/ml for 1, 3, 5, 7 and 14 days. Time points over 14 days were not considered since the cultures had reached confluence. Figure 3 shows that cells treated with BG appear to follow a similar trend to that of the control. At day 5 and 7, the metabolic activity and growth of cells at 600 µg/ml BG concentration are higher than control but were then lower than the control at day 14. This decrease could be correlated with the fact that cells may have entered a differentiation phase [25, [32] [33] [34] . In order to correlate the changes in cell behavior with ionic dissolution products liberated from BG at two different concentrations, the media was tested at each time point, and with every change in media, using ICP (Figure 4) . The control shows that the unreacted medium contained phosphorous and calcium species, but no silicon. After the first 24 h Ca, P and Si levels in the media increased due to the dissolution of BG particulate. Soluble Si release over the first 72 h was at its highest level (62 and 68 ppm) and dropped thereafter.
BG calcium release was at its peak (86 ppm) after 24 h and then began to drop in the following days but was higher than control medium at all times.
Figure 4:
Graph of elemental concentrations of the DMEM culture medium (control) and BG at 600 µg/ml concentrations, after removal from culture plate at the given time points for Si, Ca and P, measured by ICP. Phosphorus was at its highest level at day 3 (47 ppm) and began to gradually drop in the following days. The changes in ion release following 24 h is in good correlation with the changes in pH observed in Table 1 and is associated with the formation of a phosphate-rich (likely to be calcium phosphate rich) layer on the glass surface. This is in good agreement with XRD data (Figure 2) .
To study the effect of the BG particulate on the early osteogenic differentiation of hDPSC, after 21 days of culture, in the absence of osteogenic supplements, was determined, as assessed by Alizarin red staining ( Figure 5 ). Cells treated with BG particulate displayed a higher density (mineralized area per field) of red mineralized nodules than untreated cells. At 21 days post-seeding, the elevation in the quantified result in Figure 6 reflects the presence of precipitates that showed to be significantly higher than the control group (no osteogenic supplement). The present results of ALP activity indicate that BG particulates could induce early differentiation.
Discussion
It is now well known that BGs in the form of particulate, coatings or scaffolds are a great candidate for bone regeneration due to their inherent ability to induce cell attachment, proliferation and also osteogenic differentia- tion of stem cells without any additional chemical supplements [20, 33, 35] . This is mainly due to their degradation capability which liberates ions such as Ca, P, Si, Na, Sr etc [9, 11, 16, 36] depending upon their initial chemical composition of the glass. Often, sol-gel derived BG structures have a greater bioactivity than melt-derived ones and this is mainly due to a greater surface area, inherent nanoporosity and higher levels of OH on the surface of glass [37] . However, the main drawback of sol-gel derived BGs is their burst release of ions in the first few hours of immersion in body fluid which causes a sudden increase in pH in the surrounding area that result in cell and tissue death hence BGs are often preconditioned to avoid this occurrence. Also, phosphate in the glass is known to act as a buffer in controlling the pH of the solution. In the current study a different approach in monitoring the ef-fect of ions liberated from glass on cellular behaviour is investigated. For this purpose, initially the bioactivity potential of BG particulates of 60 mol% SiO 2 , 28 mol% CaO and 12 mol% P 2 O 5 composition at 600 µg/ml concentration was evaluated by immersing the particulates in simulated body fluid (SBF), which aids the evaluation of the dissolution re-precipitation mechanism of apatite formation on the surface of bioactive glasses. Our observations suggest that BGs dissolve in SBF, changing the pH of the surrounding medium by releasing ionic products liberated from BG particulates. Dissolution from the BGs leads to a supersaturation of Ca ions in the SBF solution and subsequent re-precipitation of Ca and P rich crystals on their surface. Dissolution of the silica network (breaking Si-OSi bonds) then occurs. Ca and P can combine in solution and deposit onto silanol bonds on the glass surface, nucleating a hydroxycarbonate apatite layer [32, 33] . As XRD confirmed the deposition of calcium-phosphate and crystallisation of HA [38] (Figure 2 ).
The effect of ionic products of BG on hDPSC, with time, in a continuous manner was evaluated. It was found that the ions at the given concentration did not have an adverse effect on cells and did not have an inhibitory effect on cell metabolic activity [13] , as assessed by Alamar blue. Cells proliferated in the same trend as the control group, in the presence of continuous release of ions. The release of Si, Ca and P concentrations in the DMEM medium following incubation with BG particles were detected using ICP (Figure 4) . Ca release occurred due to ion exchange of cations from the glass (from Si-O-Ca non bridging bonds) with H + from the DMEM [20] .
Previous studies have shown that ionic dissolution products containing Ca and Si from materials can stimulate osteoblast proliferation and gene expression [39] . Previously Hench et al. showed that approximately 17-21 ppm of soluble Si and 60-88 ppm of soluble Ca ions were required for osteoblasts to grow, differentiate and form a mineralized extracellular matrix and create bone nodules [40] . In a study by Chen et al. [41] , it was shown that the exposure of 50 mg/mL bredigite extracts had a profound effect in delaying cell senescence, stimulating pluripotency-related gene expression and enhancing odontogenic and adipogenic differentiation. In the same study, it was reported that the release of Si species in the extract had a great contribution towards the cellular changes observed [41] . As shown, hDPCs in the BG groups proliferated throughout the culture period showing that the ions liberated from BG at various time intervals did not have an inhibitory effect on cells. However, at day 14 metabolic activity and growth of hDPSC was lower than day 7 and the control group, which suggests that higher number of cells in the BG group had entered a differentiation phase [20, 25, 26, 42] . To further study this observation, differentiation of hDPSC toward osteogenic lineage was assessed by Alizarin red staining. Cells in the presence of BG particulates displayed a higher density (mineralized area per field) of red mineralized nodules than control group. Nevertheless, the balance of ionic concentration between cell viability and differentiation needs further investigation.
Conclusion
Overall BG particulate at a concentration of 600 µg/ml were shown to form HCA on their surface following immersion in SBF. In addition, at this particular concentration, the continuous release of ions in culture medium did not cause any significant levels of cytotoxicity and did not inhibit cell metabolic activity. Cells treated with BG particulate displayed a higher density (mineralized area per field) of red mineralized nodules than untreated cells. It is also believed that they have a great potential in osteogenic differentiation of hDPSC. Therefore, it can be concluded that BG composition of 60 mol% SiO 2 , 28 mol% CaO and 12 mol% P 2 O 5 , can be utilized in in vivo tests for bone regeneration applications without preconditioning.
